We demonstrate a novel, Michelson-based, ultrafast multiplexer with a throughput approaching 100% for a polarization-multiplexed train and 50% for a linearly polarized train, which is compatible with a high-energy pulse train and shaped-pulse generation. The interpulse spacings in the resultant 2 n -pulse train can be adjusted continuously from multinanoseconds through zero. Using this interferometer, we also demonstrate generation of a 16-pulse train of terahertz pulses.
Introduction
Numerous applications currently exist that require a train of high-energy ultrafast pulses. Such applications include multiple-laser-pulse excitation schemes for high-gradient plasma accelerators, 1 photocathode injectors for conventional accelerators, multiplepulse excitation of atoms, molecules, and solids, 2 and high-fluence terahertz wave-train generation for radar and microwave communications. 3 Moreover optimization of the efficiency of high-harmonic generation when short pulses are used may require the use of fast-rise-time flat-top pulses. Such superGaussian pulses can be generated when several short pulses are stacked together with an interpulse spacing of the order of the initial short-pulse width. 4 Pulse-shaping techniques in which phase and amplitude masks are used in the focal plane of a zerodispersion pulse stretcher are typically used for producing low-energy ͑i.e., oscillator-level͒ ultrafast shaped pulses and pulse trains. 5 Using such techniques to produce trains of high-energy ͑i.e., amplified͒ pulses is limited because of damage to the mask residing in the focal plane of the stretcher. Pulse shaping of 200-J pulses by using an acousto-optic modulator has recently been demonstrated; 6 however, the setup exhibits 2 orders of magnitude loss, resulting in only a 2-J output. A further increase in the diffraction efficiency causes significant acoustic nonlinearity in the acousto-optic modulator. Pulse shaping before amplification has been demonstrated, 7 but care must be taken to avoid nonlinear effects, such as nonlinear temporal diffraction, 8 that occur with amplitude masking. Even in the case of phaseonly masking, amplifier output fluences are typically reduced compared with that from an unshaped input. Finally, the experimental necessity of a single short pulse synchronized to the pulse train for crosscorrelation measurements ultimately dictates that pulse shaping occur after amplification.
Several schemes have appeared in the literature that are variations on a Michelson interferometer using multiple beam splitters and optical delay lines to produce pulse trains of 2 n pulses where n is a positive integer. 9,10 These schemes do not propagate the beam through a focus and therefore are compatible with pulse shaping high-energy pulses. The n-fold application of a single Michelson interferometer would appear at first glance to reduce the total fluence of the generated train to 2
Ϫn because each unit has a single beam on the input and two beams on the output, one of which is not used. Similar conclusions on generation efficiency are reached for pulse-train generation when a series of beam splitters is used. 10 When both beams from each beam splitter were used, the generation of two output beams that contain sequences of 2 n pulses has been demonstrated. 9 However, interpulse spacings in this device are limited by optical elements to Ͼ100 ps, and therefore it is unsuitable for ultrashort-pulse multiplexing.
n-Fold Michelson Interferometer
We present here an n-fold application of a Michelson interferometer, which, by using both beams from each beam splitter and then by polarization multiplexing the two output beams, results in a single pulse train of 2 n pulses with nearly 100% throughput. In the frequency domain this interferometer represents, for each polarization, a highly oscillatory amplitude and phase filter. Our device design for the generation of a train of 16 pulses is shown in Fig. 1 . Because the delay arms can be easily positioned for equal lengths, interpulse spacings from zero to multinanoseconds are achievable. The first eight pulses are orthogonally polarized to the final eight; however, one can easily polarize the output along a single axis by using a high-damage-threshold thin-film polarizer, resulting in a 50% throughput. In some cases, for example, a laser-driven e ϩ ͞e Ϫ collider, the two linearly polarized output trains can be individually used. In general, for a 2 n pulse train the design shown in Fig. 1 . requires n beam splitters, ͑4n ϩ 2͒ mirrors, 2n linear translators ͑to set and vary the interpulse spacing͒, one half-wave plate, and one thin-film polarizer, leading to a cost that scales as n and an overall area that scales as n 2 . To characterize this device, we use the 800-nm, 150-fs, 1-mJ output of a chirped-pulse amplified Ti: sapphire laser system operating at 1 kHz. For a 16-pulse interferometer 18 mirrors and 4 beam splitters are needed. For reduced cost, protected goldcoated mirrors and dielectric beam splitters are used, resulting in a measured throughput of 73%, as expected. If we were to use high-damage-threshold dielectric mirrors, a throughput of 98% would be expected. The interferometer is initially aligned so that the pulses overlap temporally two at a time. Such temporal overlap is determined first with spatial fringes and is optimized with second-harmonic generation in a doubling crystal. The desired pulse sequence is then set. For equally spaced pulses out of the interferometer in Fig. 1 , arm 2 is lengthened by half a unit, arm 3 by one unit, arm 6 by two units, and arm 8 by four units. For the data shown in Fig. 2 the interferometer is configured with 3-ps pulse separations and the output is cross-correlated with a single gate pulse, split off before the interferometer, in a 0.5-mm-thick KDP crystal. When individual arms are blocked in the interferometer, various pulse sequences can be formed as shown in Fig. 2 , including the elimination of every other pulse in the pulse train as well as double-pulse and quadruple-pulse bursts.
Complete pulse-train characterization can be achieved by blocking appropriate arms within the interferometer to allow the passage of each of the 16 pulses individually, allowing the linear measurement of individual energies as well as the nonlinear crosscorrelation profiles of each pulse. Note that the en- Fig. 1 . Interferometer design for generation of a train of 16 pulses. For equally spaced pulses, arm 2 is lengthened by half a unit, arm 3 by one unit, arm 6 by two units, and arm 8 by four units. Fig. 2 . With the 16-pulse interferometer configured for 3-ps pulse separations, blocking particular arms produces these and similar pulse trains. For these data the output of the interferometer is cross-correlated with a single gate pulse, split off before the interferometer, in a 0.5-mm KDP crystal.
ergy of each pulse in the train is constant for all output sequences. Figure 3 demonstrates such a characterization of the device with linear power meter ͑Molectron PM3͒ measurements of the pulse energies ͑top͒ and nonlinear cross correlation of each pulse separately as well as a cross correlation of the full 16-pulse train ͑bottom͒. The small subpulses present in the cross-correlation measurements result from a reflection off a beam splitter placed before the interferometer. We measure a variation of Ͻ20% in both pulse output energy and intensity over the entire 16-pulse train.
Pulse Stacking: Dark-Pulse and Super-Gaussian Pulse Generation
This interferometer can also be used to stack several short pulses together with an interpulse spacing comparable with or less than the input pulse width. In this case the output pulse structure depends on the relative phase shift between the overlapping multiplexed pulses. Since the phase difference between the reflected and the transmitted pulses from a dielectric beam splitter is approximately , a dark pulse, in which a nearly constant high-intensity field rapidly goes to zero and returns on an ultrafast time scale, can be produced by stacking a series of pulses of one phase next to a series of pulses with the opposite phase, as shown in Fig. 4 ͑top͒. Moreover stacking several pulses together in-phase with pulse separations comparable with their pulse widths results in a super-Gaussian pulse ͓shown in Fig. 4 ͑bot-tom͔͒, potentially useful for efficient high-harmonic generation.
Terahertz Wave-Train Generation in DAST
As a final application of this technology, we generated a 16-pulse train of terahertz pulses through optical rectification in dimethyl amino 4-Nmethylstilbazolium tosylate ͑DAST͒. DAST is an electro-optic material and an efficient unbiased terahertz emitter, exhibiting saturation in its terahertz output 11 only for optical fluences of Ͼ20 mJ͞cm 2 . For total excitation fluences below this value, the terahertz output is expected to depend linearly on the optical pulse train generated by the interferometer. Coherent detection of the terahertz wave form by using a radiation-damaged silicon-on-sapphire photoconductive detector with a 2-mm-wide gap, gated by a single optical pulse split off from the pulse train before the interferometer, results in a temporal resolution of 1 ps. Figure 5 reveals the terahertz pulse trains resulting from multipulse ͑1, 2, 4, 8, and 16͒ excitation of DAST with a pulse separation of 3 ps. No sign of saturation is present in the wave forms. Fig. 3 . Linear power meter ͑Molectron PM3͒ measurements of the pulse energies ͑top͒ and cross correlation of each pulse separately as well as a cross correlation of the full pulse train ͑bottom͒. Note the good agreement between the linear measurements of pulse energy and the full-train cross-correlation. Fig. 4 . ͑Top͒ Output of the interferometer configured to produce a dark pulse. To produce this output, four pulses separated by 200 fs were stacked together with the second pair of pulses out of phase from the first pair by . ͑Bottom͒ Output of the interferometer configured to produce a super-Gaussian pulse. To produce this output, four pulses separated by 200 fs were stacked together in phase. Terahertz pulse-train generation ͑of as many as five pulses͒, also in DAST, has been demonstrated previously 12 by using zone plates consisting of thin glass slides to generate the low-fluence optical excitation train. Although this approach is perhaps simpler than our approach, it lacks the flexibility to change the interpulse separation, to utilize high optical fluences, to pick out a specific pulse sequence, and to characterize each pulse separately. Moreover, since detection of the generated pulses was performed with a Michelson interferometer, the spectrum and not the temporal wave form of the generated terahertz pulse was measured. We expect such terahertz pulse trains to be used as sources for microwave and radar communications, as tunable, coherent radiation sources in the far IR, and as sources of terahertz pulse trains for coherent control experiments. 13 
Summary
In summary, we have demonstrated a novel ultrafast multiplexer with a throughput approaching 100% for a polarization-multiplexed train and 50% for a linearly polarized train, which is compatible with highenergy pulse-train and shaped-pulse generation. The interpulse spacings in the resultant 2 n -pulse train can be adjusted continuously from multinanoseconds through zero. Consisting entirely of passive optical elements and simple linear delay stages, this multiplexer can be implemented in miniature with existing nanotechnology 14 for low power, high-pulsecount applications. For example, an 8-bit, 256-pulse interferometer, although cumbersome to build with optics 1-in. ͑2.5 4-cm͒ in diameter, could be fabricated with less than a 1-cm 2 footprint.
